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Background: Gene-specific targeting of any protein-DNA complex by small molecules is a challenging goal at the interface of chemistry and biology.
Polyamides containing N-methylimidazole and N-methylpyrrole amino acids are synthetic ligands that have an affinity and specificity for DNA comparable to many naturally occurring DNA-binding proteins. It has been shown that an eight-ring hairpin polyamide targeted to a specific minor-groove contact within a transcription factor binding site can inhibit protein-DNA binding and gene transcription. Polyamides and certain major-groove-binding proteins have been found to co-occupy the DNA helix, however. To expand the number of genes that can be targeted by pyrrole/imidazole polyamides, we set out to develop a class of polyamides that can selectively inhibit majorgroove-binding proteins.
Results: An eight-ring hairpin polyamide conjugated to a carboxy-terminal Arg-Pro-Arg tripeptide was designed to deliver a positive residue to the DNA backbone and interfere with protein-phosphate contacts. Gel mobility shift analysis demonstrated that a polyamide hairpin-Arg-Pro-Arg binding in the minor groove selectively inhibits binding of the transcription factor GCN4 in the adjacent major groove. Substitution within the Arg-Pro-Arg revealed that each residue was required for optimal GCN4 inhibition.
Conclusions:
A pyrrole-imidazole polyamide that binds to a predetermined site in the DNA minor groove and delivers a positive patch to the DNA backbone can selectively inhibit a DNA-binding protein that recognizes the adjacent major groove. A subtle alteration of the DNA microenvironment targeted to a precise location within a specific DNA sequence could achieve both gene-specific and protein-specific targeting.
Introduction
Small molecules specifically targeted to any predetermined DNA sequence would be useful tools in molecular biology and, potentially, in human medicine. Polyamides containing N-methylpyrrole (Py) and N-methylimidazole (Im) amino acids bind to predetermined sequences in the minor groove of DNA with affinities and specificities comparable to naturally occurring DNA-binding proteins [l-3] . Sequence specificity is determined by a code of oriented side-by-side pairings of the Py and Im amino acids [4-91. An Im/Py pairing targets a G-C base pair, while Py/Im pair recognizes C-G [4-61. The Py/Py pair is degenerate and targets both A-T and T-A base pairs [4-121. The validity of the pairing rules for ligand design is supported by a variety of polyamide structural motifs which have been characterized by footprinting, affinity cleaving, two-dimensional nuclear magnetic resonance (NMR) and X-ray methods [l-14] . Polyamides have been found to be cell permeable and to inhibit transcriptionfactor binding and expression of a designated gene [l&16] .
Py/Im polyamides offer a potentially general approach for gene regulation, provided that efficient inhibition of DNA binding can be achieved for a variety of transcription factors.
Protein inhibition by synthetic ligands Several approaches for the development of synthetic ligands that interfere with protein-DNA recognition have been reported. Oligodeoxyribonucleotides that recognize the major groove of double-helical DNA via triple-helix formation bind to a broad range of sequences with high affinity and specificity [17, 18] . Although oligonucleotides and their analogs have been shown to disrupt protein-DNA binding [19-211, the triple-helix approach is limited to purine tracts and suffers from poor cellular uptake of oligodeoxyribonucleotides.
There are a few examples of carbohydrate-based ligands that interfere with protein-DNA recognition, but oligosaccharides cannot currently recognize a broad range of DNA sequences [Z&23] . Perhaps most relevant to this work, analogs of distamycin (PyPyPy) appended with multiple cationic substituents have been found to inhibit protein The nine base pair (5'-CTGACTAAT-3') GCN4-binding site is indicated by brackets above and below the base pairs. Red and blue circles represent imidazole (Im) and pyrrole (Py) polyamide rings, respectively. Blue diamonds and triangles represent p-alanine (5) and glycine (G), respectively. TAminobutyric acid (T) and dimethylaminopropylamide (Dp) are depicted as a curved line and a plus sign, respectively. Polyamide-binding sites are shown in bold. Equilibrium association constants (K,) for each polyamide binding to the indicated match site are shown on the right. Association constants were determined by DNase I footprinting; simultaneous binding was determined by gel mobility shift assay.
binding ['&l-26] . On the basis of these encouraging results, we wished to identify similar charged residues that could be appended to a Py/Im polyamide via linear solid-phase synthesis and that would not compromise polyamide-binding specificity.
Pyrrole-imidazole polyamides inhibit proteins that recognize the minor groove Proteins use a diverse structural library to recognize their target sequences [27] . Proteins such as TATA-boxbinding protein (TBP) bind exclusively in the minor groove [28] , others, such as the transcriptional activator GCN4 [29-311, bind exclusively in the major groove, and certain proteins such as Hin recombinase recognize both grooves [32, 33] . Polyamides have been found to interfere with protein-DNA recognition in cases where contacts in the minor groove are important for protein-DNA binding affinity. For example, within the nine zinc-finger transcription factor TFIIIA, fingers 4 and 6 bind in or across the minor groove and are required for high affinity binding (K, = 5 x 10" M-l). An eight-ring hairpin polyamide (K, = 3 x lOlo M-') targeted to the minor-groove contact region of finger 4 has been recently found to efficiently inhibit protein binding [l&16].
Pyrrole-imidazole polyamides bind simultaneously in the minor groove with proteins that recognize the major groove X-Ray crystallography studies reveal that DNA bound by a four-ring homodimeric polyamide is unaltered from its natural B-form structure; all polyamide-DNA contacts are confined to the minor groove [34] . Not surprisingly, polyamides have been found to bind simultaneously with ligands that exclusively occupy the major groove [16, 35, 36] . For example, an eight-ring hairpin polyamide and a recombinant protein containing only the three amino-terminal zinc fingers of TFIIIA that are in the major groove were found to co-occupy the TFIIIAbinding site [16] . Similarly, the three-ring homodimer ImPyPy bound simultaneously with the basic-region leucine zipper (bZIP) protein GCN4 (226-281) [35] . We found subsequently that a variety of polyamide motifs co-occupy the DNA helix at sites both overlapping and adjacent to GCN4 (Figure 1 ). The ubiquity of majorgroove contacts in protein-DNA recognition provides the impetus to develop approaches for the inhibition of major-groove proteins by polyamides that bind in the minor groove.
Design of the positive patch
The negatively charged DNA phosphate backbone provides a target for ligands designed to disrupt the unique microenvironment that represents a protein's binding site on the DNA double helix. Polyamides that deliver a positive patch to the DNA backbone may destabilize contacts between protein sidechains and phosphate residues and consequently inhibit protein binding . We looked to nature for an a-amino acid model of a domain bound to the minor groove that delivers a cationic sidechain to the phosphate backbone.
Homeodomain proteins recognize the minor groove of DNA via a highly conserved Arg-X,,-Arg (where X,, is any amino acid) [37, 38] . In Hin recombinase, the corresponding Arg140-Pro141-Arg142 domain serves as a bridge between the amino-terminal arm in the minor groove and the helix-turn-helix motif that recognizes the major groove ( Figure 3) [32, 33] . Minor groove contacts made by the sidechain of Arg140 direct the peptide chain up from (a) 5 3
Chemistry & Biology the floor of the minor groove, towards the backbone, where the guanidinium of Arg142 makes electrostatic contact with phosphates. Upon interaction with DNA, the Arg-Pro-Arg (RPR) domain achieves a stable, local tertiary structure which is potentially based solely on the primary sequence. It was postulated that Arg-Pro-Arg attached at the carboxyl terminus of a polyamide would adopt a similar structure to that of Arg140-Pro141-Arg142 in Hin recombinase. The resulting Arg-Pro-Arg polyamide could be used to place a neutralizing positive charge at a predetermined phosphate on the DNA backbone ( Figure 2 ).
Arg-Pro-Arg polyamides
A series of polyamides that have Arg-Pro-Arg tripeptides at the carboxyl terminus have been synthesized by solid-phase methods. The polyamides were evaluated as inhibitors of the major-groove transcription factor GCN4, the prototypical member of the bZIP family of transcriptional regulators [39] [40] [41] . The carboxy-terminal 60 amino acids (222-281) of GCN4 contain the 'leucine zipper' dimerization domain and the 'basic region' which is responsible for DNA binding. GCN4 (22'2-281) has been shown to be sufficient for sequence-specific binding [29,4'2,43] . The basic region of each a-helical monomer makes specific hydrogen bonds, van der Waals contacts and phosphate interactions with one half-site of the nine base pair pseudosymmetrical GCNLC-binding site (Figure Za,b) [29-311. The protein-DNA electrostatic interactions that are targeted for disruption by the Arg-Pro-Arg polyamides are highlighted in Figure 2b .
We report here the ability of Arg-Pro-Arg polyamides to selectively inhibit DNA binding by the major-groove transcription factor GCN4 as measured by gel mobility Quantitative DNase I footprint titraThe polyamides ImPyPyPy-y-PyPyPyPy-p-Dp (1) and tion experiments were performed in order to measure the ImImPyPy-y-ImPyPyPy-p-Dp (2) were synthesized in a effect of net ligand charge on both the DNA-binding stepwise manner from Boc-alanine-Pam resin using affinity and specificity of the hairpin polyamide.
Boc-chemistry machine-assisted protocols as described (1 S-18), or aliphatic amino acid ester (steps i-xxv). The MBHA resin is then cleaved by treatment with HF:cresol (g:l) and purified by reverse phase HPLC (step xxvi). The synthesis of ImlmPyPy-y-ImPyPyPy-P-RPR (4) [29, 35] , were bound near saturation at ZOO nM GCN4 (222-281) as revealed by gel mobility shift analysis (10 mM bisTris pH 7.0, 100 mhl NaCl, 1 mnl dithiothreitol (DTT), 1 mnl EDTA, SO pg/ml poly(dI-dC)-poly(dI-dC), 22°C). ImPyPyPy-y-PyPyPyPy-P-polyamides (1 and 3) target the six-base-pair 5'-TGTTAT-3' site adjacent to the GCNCbinding site of ARE-l ( Figures 2, 4 and 6a,c). ImImPyPy-y-ImPyPyPy-P-polyamides (2 and 4) were designed to bind S'-TGGTC'l'-3' adjacent to the GCN4 site in ARE-2 (Figures 4 and hb,f) .
The ability of polyamides to inhibit GCN4 (222-281) binding was evaluated using the gel mobility shift assay. Increasing concentrations of polyamide were incubated with the desired radiolabeled synthetic DNA duplex followed by the addition of a constant concentration of 200 nM GCN4 (222-281). DNA fragments bound and unbound by GCN4 were separated using nondenaturing polyacrylamide gel electrophoresis.
Polyamides that lack the Arg-Pro-Arg moiety were unable to inhibit GCN4 binding (1 and 2, Figure 6a ,b). The upper band in Figure 6a is the ARE-l fragment bound by GCN4 (ZZZ-281) (lanes Z-12). Lanes 3-11 show that GCN4 binding was unaffected by the addition of ImPyPyPy-y-PyPyPyPy-@Dp.
ImPyPyPy-y-PyPyPyPy-P-RPR, however, which differs from 1 by the addition of the carboxy-terminal Arg-Pro-Arg, inhibited GCN4 binding to ARE-l ( Figure 6~ ). When bound to its match site on ARE-Z, ImImPyPy-y-ImPyPyPy-p-RPR also successfully inhibited GCN4 binding (Figure 6f ).
On the basis of the pairing rules for polyamide-DNA complexes, the sites 5'-TGTTAT-3' (ARE-l fragment) and 5'-TGGTCT-3' (ARE-Z fragment) are for ImPyPyPy-yPyPyPyPy-P-RPR 'match' and 'double-base-pair mismatch' sites, respectively, and for ImImPyPy-y-ImPyPyPy-P-RPR 'double-base-pair mismatch' and 'match' sites, respectively.
Incubation of GCN4 and up to 2 PM ImPyPyPy-y-PyPyPyPy-p-RPR with the double mismatch ARE-Z fragment resulted in no inhibition of GCN4 binding (Figure 6d ). Likewise, ImImPyPy-y-ImPyPyPy-P-RPR did not inhibit GCN4 binding to the mismatched ARE-l fragment (Figure 6e ).
When bound to their respective match sites, ImPyPyPy-yPyPyPyPy-P-RPRRRR and ImImPyPy-y-ImPyPyPy-P-RPRRRR, which contain three more carboxy-terminal arginine residues than 3 and 4, were found to fully inhibit GCN4 (222-281) binding (Figures 7 and 8) . The gel mobility shift experiments shown in Figure 8 demonstrate that 5 and 6 selectively provided complete inhibition of binding to the radiolabeled ARE-l or ARE-2 fragments in the presence of increasing concentrations of polyamide (10 mM bisTris pH 7.0, 100 mM NaCI, 1 mM DTT, 1 mM EDTA, 50 kg/ml poly(dl-dC)-poly(dl-dC), 22°C). GCN4 binding with no apparent loss in affinity for double-base-pair mismatches.
Arg-Pro-Arg is the optimum tripeptide for GCN4 inhibition
Polyamides that have deletions and/or substitutions in the Arg-Pro-Arg domain were prepared in order to determine the elements that were essential for GCN4 inhibition ( Figure 9 ). Each of these polyamides was based on the ImPyPyPy-y-PyPyPyPy-0 polyamide targeted to 5'-TGTTAT-3' of ARE-l ( Figure 9 ). The ability of polyamides 7-14 to bind to their DNA target sites and inhibit GCN4 binding to ARE-l was evaluated using DNase I footprinting and gel mobility shift analysis.
DNase I footprinting of polyamides 1-14 was performed on restriction fragments containing the appropriate ARE-l or ARE-Z sequences under conditions identical to those used for the gel mobility shift experiments. In every case (except 11, see below), the polyamide was found to specifically bind to the target site with K, z 1 x 107 M-l. Lower K, values are observed for polyamides under the gel shift conditions because the carrier DNA artificially depresses polyamide-association constants. The polyamide concentrations required for GCN4 inhibition are within the expected range on the basis of the K, under gel shift conditions. Deletion of the terminal Pro-Arg or Arg, as in ImPyPyPy-y-PyPyPyPy-P-R (7) and ImPyPyPy-y-PyPyPyPy-P-RP (8) results in polyamides that are unable to inhibit GCN4 binding. Substituting the proline with glycine afforded ImPyPyPy-y-PyPyPyPy-P-RGR (9) which did not effectively inhibit GCN4 (222-281). At 1 pM of 9, < SO% of the GCN4 was inhibited. No inhibition of GCN4 binding was observed for ImPyPyPy-yPyPyPyPy-P-RDPR (10) which contained a single inversion of stereochemistry relative to 3.
The internal arginine residue was replaced with an alanine residue to provide ImPyPyPy-y-PyPyPyPy-P-APR (11). 11 was unable to inhibit GCN4 binding under these conditions. This Arg+Ala substitution was the only alteration that was found to affect polyamide-binding affinity. As measured by DNase I footprinting, 11 binds the 5'-TGTTAT-3' target site with tenfold lower affinity than 3 under conditions identical to those used for gel shift analysis. The conservative substitution of lysine (K) for arginine in ImPyPyPy-y-PyPyPyPy-P-KPR (12) also compromised the polyamide's ability to inhibit GCN4. At 1 pM 12, < 50% of the bound GCN4 was inhibited, similar to 9. The identical substitution in the carboxy-terminal position afforded ImPyPyPy-y-PyPyPyPy-P-RPK (13), however, which inhibited GCN4 binding identically to the Arg-Pro-Arg polyamide 3. The amino acid linkage between the final Py amino acid and the initial arginine residue was also essential for GCN4 inhibition. A polyamide in which the p-alanine linker was replaced with a 7-aminoheptanoic acid linker, ImPyPyPy-yPyPyPyPy-C7-RPR (14), was unable to inhibit GCN4 binding. Protein inhibition did not require prebinding of the polyamide. Preincubation of ARE-l with GCN4 followed by addition of 5 afforded inhibition identical to that of prebound polyamide.
Salt dependence of GCN4 inhibition
In order to evaluate the sensitivity of major-groove-protein inhibition mediated by positive patch polyamides to the nature of the compensating electrolyte, as well as the overall ionic strength, gel mobility shift analysis was performed using a buffer that might model the environment of a cellular nucleus (20 mM MOPS, pH 7.2, 140 mM KCl, 10 mM NaCl, 1 mM R4gClZ, 1 mM spermine) [45] . Arg-Pro-Arg polyamide 3 was found to inhibit GCN4 (222-281) binding under the ionic conditions in which KC1 is the primary compensating electrolyte (Figure 10 ) and the conditions optimized for protein binding in which NaCl is the predominant compensating electrolyte ( Figure 6~ ). Further biophysical characterization of majorgroove-protein inhibition by positive patch polyamides will be reported in due course. Polyamide binding affinity and specificity are unaltered by Arg-Pro-Arg In order to evaluate the effects of the Arg-Pro-Arg moiety on the DNA-binding properties of the polyamides, quantitative DNase I footprint titration experiments were performed to determine the equilibrium association constants of polyamides l-6 for their respective six base pair match and single base pair mismatch sites (10 mM Tris pH 7.0, 10 mM KCl, 10 mM MgCl,, 5 mM Cat& 22°C) [46] . DNase I footprinting of ImImPyPy-y-ImPyPyPy-p-Dp (Z), ImImPyPy-y-ImPyPyPy-P-RPR (4) and ImImPyPy-y-ImPyPyPy-b-RPR-RRR (6) was performed on the 250 base pair .koRI/ PuuII restriction fragment of pJK6 (Figure 11 ) [47] . 2 bound to the match sites, S'-TGGTCA-3' and S-TGG-ACA3', with identical affinities within experimental error Figure 9 Aliphatic amino acid substitutions in the Arg-Pro-Arg domain, The structure of the ImPyPyPy-y-PyPyPyPy-X polyamide is shown where X = P-Dp (P-Dp, l), P-Arg-Pro-Arg (P-RPR, 3), P-Arg (P-R, 7), P-Arg-Pro (p-RP, 8), P-Arg-Gly-Arg (P-RGR, 9), P-Arg-o-Pro-Arg (P-RDPR, 1 O), P-Ala-Pro-Arg (P-APR, 1 l), P-Lys-Pro-Arg (P-KPR, 12), P-Arg-Pro-Lys (P-RPK, 13) or C,-Arg-Pro-Arg (C,-RPR, 14). The ability of each polyamide to inhibit GCN4 (222-281) binding in a gel mobility shift assay performed identical to Figure 6a is .7
Chemlstty & Blolo (K, = 1.3 (+ 0.1) x 10'" M-r and 6.4 (X!L 1.2) x lo9 M-t, respectively). 2 also demonstrated greater than loo-fold specificity relative to binding at a single base pair mismatch site 5'-TGTACA-3' (K, I5 x lo7 M-l, mismatched base pair in italics). Similar affinity and a slight increase in specificity were observed for Arg-Pro-Arg polyamide 4. 5'-TGGTCA-3' and S'-TGGACA-3' were bound by 4 (K, = 4.6 (k 0.2) x lo9 M-' and 6.6 (+ 1.0) x lo9 iW1, respectively) with greater than 450-fold specificity relative to binding at the mismatch site (K, I 1 x lo7 M-l). The additional three terminal arginine residues of 6 generated a tenfold increase in affinity relative to 2, coupled with a significant loss in specificity for a single base pair mismatch. 6 bound 5'-TGGTCA-3', S'-TGGACA-3' and S'-TGTACA-3' with affinities of 2.6 (+ 0.4) x lOto M-r, 2.8 (+ 0.5) x 1O'O hl-' and 1.9 (k 0.8) x 10'" R/1-', respectively.
Corresponding results were observed for DNase I footprinting of ImPyPyPy-y-PyPyPyPy-p-Dp
(1) ImPyPyPyy-PyPyPyPy-P-RPR (3) and ImPyPyPy-y-PyPyPyPy-p-RPRRRR (5) on the 229 base pair AflII/FspI restriction fragment of pJT8 [l] . 1 has been shown to bind its six base pair match site, S'-AGTTAT-3', with an affinity of 3.5 (k 0.8) x 109 M-i and a sevenfold specificity relative to binding to a single base pair mismatch site S'-AGTACT-3' (K, = 5.0 (k 0.5) x 10s M-r, Table 1 ) [l] . The Arg-Pro-Arg The polyamide concentrations required for GCN4 inhibition are within the expected range based on the K, under gel shift conditions. polyamide 3 demonstrated only a slight loss in affinity and a similar specificity (K, = 5.5 (+ 1.5) x 10" M-l for 5'-AGTATT-3' and 9.2 (k 0.4) x lo7 M-l for 5'-AGTACT-3'). Analogous to 6, the additional terminal arginines of 5 provided a tenfold increase in affinity for the match site (K, = 1.0 (+ 0.2) x lOi M-i) and a severe loss in specificity for a single-base-pair mismatch (K, = 3.4 (k 0.5) x lo9 M-l).
Discussion
By targeting an eight-ring Arg-Pro-Arg-polyamide adjacent to a GCN4 binding site, selective inhibition of DNA binding by a protein that exclusively contacts the major groove is achieved (Figures 6 and 8) . The polyamide domain binds sequence specifically in the minor groove with double base pair mismatches preventing GCN4 inhibition.
The inability of truncated analogs 7 (R) or, 8 (RP) to inhibit GCN4 binding indicates that the &boxy-terminal arginine residue in 3 (RPR) is essential for GCN4 inhibition. On the basis of the Hin recombinase model, this arginine is expected to make nonspecific contacts with the DNA phosphate backbone. The ability of 13 (RPK) to inhibit GCN4 in an identical manner to 3 (RPR) supports this model. The neutralization of a portion of the backbone is the most likely mechanism by which Arg-Pro-Arg polyamides achieve GCN4 inhibition. Other models, such as steric blockage of the major groove or DNA distortion, cannot be ruled out [48, 49] . Modeling suggests that Arg-Pro-Arg is insufficient to cross the DNA backbone and block the major groove. Determination of the exact mechanism of inhibition awaits high-resolution structure studies which are in progress.
Arg-Pro directs the terminal arginine to the phosphate backbone The results of GCN4 inhibition experiments with polyamides 7-14 suggest that the Arg-Pro-Arg of 3 and 4 adopts a stable and well-defined structure similar to that of Arg140-Pro141-Arg142 of Hin recombinase ( Figure 12 ). The internal Arg-Pro of 3 and 4 (FWR) is required for GCN4 inhibition.
Polyamide 8 (RP) does not inhibit GCN4, suggesting that these two residues play a structural role in the placement of the terminal arginine near the phosphate backbone. Replacing the rigid proline of 3 (RPR) with a flexible glycine (9; RGR) allows a significant amount of GCN4 to remain bound in the presence of a saturating concentration of 9. The glycine in 9 may permit the carboxy-terminal arginine to shift to a position that permits simultaneous binding with GCN4.
ImPyPyPy-y-PyPyPyPy-l3-RDPR (10) is a diastereomer of ImPyPyPy-y-PyPyPyPy-fl-RPR (3), but it is unable to inhibit GCN4. Modeling indicates that substitution of I>-proline for I>-proline may in fact direct the neutralizing terminal arginine to the backbone of the opposite DNA strand. Confirmation of this prediction awaits studies with other protein systems. (4) and (c) ImlmPyPy-y-ImPyPyPy-8-RPRRRR (6), on the 3'-32P-endlabeled 250 base pair Eco RllPvu II restriction fragment from plasmid pJK6 [47] . Left, storage phosphor autoradiograms of 8% denaturing polyacrylamide gels used to separate the fragments generated from DNase I digestion. All reactions contained 20,000 cpm restriction fragment, 10 m M TrisHCI (pH 7.0), 10 m M KCI, 10 m M MgCI, and 5 m M CaCI, and were performed at 22%. Lane 1, intact DNA; lane 2, A-specific reaction; lane 3, G-specific reaction; lane 4, DNase I standard; lanes 5-23, 1 pM, 2 pM, 5 pM, 10 pM, 15 pM, 25 pM, 40 pM, 65 pM, 100 pM, 150 pM, 250 pM, 400 pM, 650 pM, 1 nM, 1.5 nM, 2.5 nM, 4 nM, 6.5 nM, 10 nM, respectively.
Right, models of polyamide bound to the match or mismatch sites on the DNA fragment. I (5'-TGGTCT-3') and II (5'-TGGACT-3') are both match sites and Ill (5'-TGTACA-3') is a single base pair mismatch site (indicated by a yellow box). The polyamide is colored as in Figure 1 a. The restriction fragment was 3'-s2P-end labeled on the bottom strand. Equilibrium association constants of each polyamide binding to the match or mismatch site is reported on the right. Each value is the average of at least three experiments. Table 1 Equilibrium association constants (M-l).
Binding site Polyamide 5'.AGTAlT3 5'.AGTACT-3'
ImPyPyPy-r-PyPyPyPy-P-Dp
ImPyPyPy-y-PyPyPyPy-P-RPR ImPyPyPy-y-PyPyPyPy-P-RPRRRR 3.5 x log* 5.0 x 1 os* 5.5x108 9.2x107
1.0x 10'0
x 109
Values reported for the six-base-pair match (5'.AGTATT-3') and mismatch (5'. sites are the mean values obtained from three DNase I footprint titration experiments on the Afllllkpl restriction fragment of pJT8. The assays were carried out at 22°C at pH 7.0 in the presence of 10 mM Tris-HCI, 10 mM KCI, 10 mM MgCI, and 5 mM CaCI,. *From [ll.
Replacement of the internal arginine with alanine, as in 11, reduces binding affinity by a factor of ten and prevents GCN4 inhibition. Furthermore, the Lys-Pro-Arg polyamide, 12, has a comparable binding affinity to 3, yet it is a less effective inhibitor of GCN4. Together, these results suggest that the guanidinium of the internal arginine residue makes specific contacts with the DNA that are required for the proper positioning of the remaining residues. Replacement of the p-alanine linker (3) with 7-aminoheptanoic acid (14) eliminates inhibition, further implicating the placement of the Arg-Pro-Arg moiety as a requirement for effective inhibition.
Arg-Pro-Arg polyamides retain high DNA-binding affinity and specificity
Quantitative DNase I footprinting demonstrates that the addition of a carboxy-terminal Arg-Pro-Arg tripeptide, as in 3 and 4, does not alter the DNA-binding properties of Figure 12 eight-ring hairpin polyamides (1 and 2). Arg-Pro-Arg-ArgArg-Arg polyamides, 5 and 6, however, have a increased binding affinity but they have no specificity relative to a single base pair mismatch site. DNase I footprinting and gel mobility shift analysis show that 5 and 6 have similar affinities for match and double base pair mismatch sites. These results indicate that synthetic ligands may balance the benefits of additional charge with the consequence of lowered sequence specificity [SO] . F or example, a distamycin analog modified with a decaaza decabutylamine moiety on a pyrrole nitrogen interferes with the binding of a majorgroove transcription factor [26] . [infortunately, the sequence specificity of this molecule, which contains potentially 11 positive charges, has not been reported. The results described here suggest that such a molecule may bind DNA with reduced sequence specificity.
Significance
The functional repertoire of polyamides as synthetic ligands for the control of transcription-factor binding has been expanded to include proteins that bind exclusively in the major groove of DNA.
The addition of an Arg-Pro-Arg tripeptide results in no significant alteration of polyamide-DNA binding affinity or specificity. By targeting sequences outside the protein-binding site, selective inhibition of the major-groove transcription factor GCN4 at two sites was demonstrated using Arg-Pro-Arg polyamides.
The Arg-Pro-Arg domain appears to adopt a stable and defined structure that delivers a neutralizing positive charge to the DNA backbone where it competes with GCN4 for contact with the phosphates. The broad targetable sequence repertoire of polyamides, coupled with the ubiquity of backbone contacts in protein recognition of DNA, makes phosphate neutralization by a positive patch a promising approach for inhibition of major-groove transcription factors. 
Quantitation and data analysis
Data from the footprint titration gels were obtained usrng a Molecular Dynamics 400s Phosphorlmager followed by quantitation using Image&ant software (Molecular Dynamics). Background-corrected volume integration of rectangles encompassing the footprint sites and a reference site at which DNase I reactivity was invariant across the titration generated values for the site intensities (IsIte) and the reference intensity (Iret). The apparent fractional occupancy (e,,,) of the sites were calculated using the equation: 
where [Lltot is the total polyamide concentration, K, is the equilibrium association constant, and em," and 8,,, are the experimentally determined site saturation values when the site is unoccupied or saturated, respectively.
The data were fit using a nonlinear least-squares fitting procedure with K,, 8,,, and em," as the adjustable parameters. All acceptable fits had a correlation coefficient of R > 0.97. At least three sets of data were used in determining each association constant. All lanes from each gel were used unless visual inspection revealed a data point to be obviously flawed relative to neighboring points.
